Induction of the fibroblast growth factor-2 (FGF-2) gene and the consequent accumulation of FGF-2 in the nucleus are operative events in mitotic activation and hypertrophy of human astrocytes. In the brain, these events are associated with cellular degeneration and may reflect release of the FGF-2 gene from cell contact inhibition. We used cultures of human astrocytes to examine whether expression of FGF-2 is also controlled by soluble growth factors. Treatment of subconfluent astrocytes with interleukin-1␤, epidermal or platelet-derived growth factors, 18-kDa FGF-2, or serum or direct stimulation of protein kinase C (PKC) with phorbol 12-myristate 13-acetate or adenylate cyclase with forskolin increased the levels of 18-, 22-, and 24-kDa FGF-2 isoforms and FGF-2 mRNA. Transfection of FGF-2 promoter-luciferase constructs identified a unique Ϫ555/Ϫ513 bp growth factor-responsive element (GFRE) that confers high basal promoter activity and activation by growth factors to a downstream promoter region. It also identified a separate region (Ϫ624/Ϫ556 bp) essential for PKC and cAMP stimulation. DNA-protein binding assays indicated that novel cis-acting elements and trans-acting factors mediate activation of the FGF-2 gene. Southwestern analysis identified 40-, 50-, 60-, and 100-kDa GFREbinding proteins and 165-, 112-, and 90-kDa proteins that interacted with the PKC/ cAMP-responsive region. The GFRE and the element essential for PKC and cAMP stimulation overlap with the region that mediates cell contact inhibition of the FGF-2 promoter. The results show a two-stage regulation of the FGF-2 gene: 1) an initial induction by reduced cell contact, and 2) further activation by growth factors or the PKC-signaling pathway. The hierarchic regulation of the FGF-2 gene promoter by cell density and growth factors or PKC reflects a two-stage activation of protein binding to the GFRE and to the PKC/cAMP-responsive region, respectively.
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INTRODUCTION
Central to our understanding of ontogeny and plasticity of adult tissues is the elucidation of molecular mechanisms that control genetic programs for cell proliferation, growth, and differentiation. During development these programs are directed by sequentially expressed growth factors and their receptors (Arenander and de Vellis, 1989; Adamson, 1993) . In mature tissues, such as brain, cell growth and proliferation may also be reactivated by an induction of intrinsic growth factor activities. In support of this hypothesis, we found that fibroblast growth factor-2 (FGF-2), a mitogenic and growth-promoting protein (Wagner, 1991; Mason, 1994) , is induced in the reactive astrocytes of the adult human brain (Joy et al., 1997) . None of the FGF-2 isoforms initiated at different start codons contains a secretory sequence (Florkiewicz and Sommer, 1989) . Consequently, FGF-2 1 is primarily found in both the cytoplasm and the nucleus of expressing cells Powell and Klagsbrun, 1991; Woodward et al., 1992; Puchacz et al., 1993; Stachowiak et al., 1994 Stachowiak et al., , 1996a . Our studies show that the induction of the FGF-2 gene and the consequent accumulation of FGF-2 protein in the nucleus and the nuclear accumulation of FGF receptor are operative events in mitotic activation and hypertrophy of human glial cells (Moffett et al., 1996; Stachowiak et al., 1996a Joy et al., 1997) . Given the pleiotropic effects of FGF-2 on human (Joy et al., 1997; Stachowiak et al., 1997b) and nonhuman neural cells (Hatten et al., 1988; Kniss and Burry, 1988; Engele and Bohn, 1992; Mayer et al., 1993; Vescovi et al., 1993, Grothe and Meisinger, 1997) , the elucidation of the mechanisms that direct FGF-2 expression in these cells should promote our understanding of the control of neural development and plasticity.
In rat (Finklestein et al., 1988; Frautschy et al., 1991; Gomez-Pinilla et al., 1992; and human brains (Joy et al., 1997) , the induction of FGF-2 in reactive astrocytes is associated with cellular degeneration and appears to reflect a release of the FGF-2 gene from cell contact inhibition (Westermann and Unsicker 1993; Moffett et al., 1996; Joy et al., 1997) . In the human FGF-2 gene, this induction is mediated partially by the Ϫ650-to Ϫ512-bp FGF-2 promoter region (Moffett et al., 1996) . Growth factors and cytokines secreted by glia, neurons, blood-borne monocytes, and macrophages stimulate reactive transformation of astrocytes (Yeh et al., 1991; Eng et al., 1992; McMillian et al., 1994) and could also play a role in the induction of FGF-2. In cultured neonatal rat astrocytes, these factors increase FGF-2 immunoreactivity (Araujo and Cotman, 1992) . However, studies of human astrocytes showed that in confluent cultures, the FGF-2 gene is inactive because of cell contact-induced inhibition. Furthermore, stimulation with serum or growth factors does not restore the expression of nuclear FGF-2 in those cells (Moffett et al., 1996 , Stachowiak et al., 1997b ) (our unpublished observations).
The present study demonstrates that growth factors and cAMP-and protein kinase C (PKC)-signaling pathways can increase expression of FGF-2 gene products in adult human astrocytes after transition from a confluent to a subconfluent state. We identified a growth factor-responsive element (GFRE) and a separate region essential for the cAMP/PKC stimulation. Both elements contain unique protein-binding sequences. They are located within the FGF-2 gene promoter region, deletion of which attenuates promoter induction by reduced cell contact (Joy et al., 1996; Moffett et al., 1996 . Inactivation of the FGF-2 promoter by cell contact is the primary regulatory mechanism that renders the FGF-2 gene promoter unresponsive to stimulation by growth factors or PKC. Only when released from cell contact inhibition can the FGF-2 promoter be further activated by soluble growth factors and PKC.
MATERIALS AND METHODS

Materials
Culture media were from Life Technologies (Grand Island, NY), epidermal growth factor (EGF) from Upstate Biotechnology (Lake Placid, NY), platelet-derived growth factor (PDGF) from Genzyme (Cambridge, MA), FGF-2 from Boehringer Mannheim (Indianapolis, IN), and interleukin-1␤ (IL-1␤) from Bachem (Torrance, CA). The remaining reagents were from Boehringer Mannheim, Sigma (St. Louis, MO), Bio-Rad (Richmond, CA), Stratagene (La Jolla, CA), and Du Pont New England Nuclear (Boston, MA).
Astrocytic Cell Cultures
Normal human astrocytes were cultured from brain tissue from trauma patients as described by Moffett et al. (1996) . The astrocytic strains used in this study were isolated from the frontal lobe (QG culture) and frontal cortex (HG culture) of different individuals. The experiments were also repeated using primary cultures of the embryonal normal human brain astrocyte (NHA) (embryonal astrocytes from Clonetics, San Diego, CA) and produced the same results. All cultured cells expressed glial acidic fibrillary protein but did not express galactocerebroside, an oligodendrocytic marker (Joy et al., 1996) . Cultures were routinely grown in Waymouth 87/3 medium (MAB) supplemented with 20% FBS. Treatments with growth factors, IL-1␤, 10% FBS, phorbol 12-myristate 13-acetate (PMA), or forskolin were initiated after cells were maintained in medium in which the serum was replaced with 0.25% BSA for at least 24 h. For stimulation with forskolin or PMA, passages lower than 18 were used, because stimulation was reduced at the higher passages.
Western Blot Analysis of FGF-2
To determine total cell content of FGF-2, cells from two 100-mm plates were washed thoroughly in PBS and lysed at 4°C with lysis buffer (1% NP-40, 0.5% deoxycholate, 20 mM Tris, pH 7.5, 5 mM EDTA, 2 mM EGTA, 150 mM NaCl, and protease inhibitors [0.01 mM PMSF, 10 ng/ml aprotinin, 10 ng/ml leupeptin, and 10 ng/ml pepstatin]). The lysates were clarified by centrifugation at 20,000 ϫ g for 15 min. Protein concentrations were determined using the Bio-Rad protein assay. Extracts from different cell preparations were adjusted to contain the same amount of protein and were purified on heparin-Sepharose. Western analysis of FGF-2 was performed using an FGF-2 monoclonal antibody (Upstate Biotechnology) followed by rabbit anti-mouse immunoglobulin G and 125 I-labeled protein A as previously described (Puchacz et al., 1993; Stachowiak et al., 1994) . Autoradiograms were exposed for different lengths of time to ensure that the signals were in the linear range. The levels of 1 Abbreviations used: as, antisense; CRE, cAMP-responsive element; EGF, epidermal growth factor; EMSA, electrophoretic mobility shift assay; FGF-2, fibroblast growth factor-2; GFRE, growth factor-responsive element; HG, human astrocytic cultures prepared from frontal cortex; IL-1␤, interleukin-1␤; NHA, normal human astrocyte; nt, nucleotide; PDGF, platelet-derived growth factor; PKA, protein kinase A; PKC, protein kinase C; PMA, phorbol 12-myristate 13-acetate; QG, human astrocytic cultures prepared from frontal lobe; RSV, Rous sarcoma virus; s, sense; STAT, signal transducer and activator of transcription.
individual FGF-2 isoforms were estimated by densitometric scanning of autoradiograms using a Bio-Rad GS-670 imaging densitometer, and data were analyzed with a Molecular Analyst program (Bio-Rad).
In some experiments media combined from two 100-mm dishes were processed and analyzed in a way similar to the cell extracts. No FGF-2 was detected in the media conditioned by astrocytes.
Immunocytochemical Staining for FGF-2
Astrocytes were immunostained for FGF-2 using the same primary monoclonal FGF-2 antibody as for the Western analysis, horseradish peroxidase-conjugated secondary antibody and diaminobenzidinehydrogen peroxide reaction as previously described (Stachowiak et al., , 1996a Joy et al., 1997) . The specificity of FGF-2 immunostaining was determined by several observations: 1) staining was not observed when primary FGF-2 antibody was omitted or substituted with preimmune serum; 2) similar nuclear and cytoplasmic staining was observed using different polyclonal or monoclonal antibodies and peroxidase or immunofluorescent staining; 3) neutralization of FGF-2 antibody with an excess of 18-kDa FGF-2 reduced FGF-2 staining; 4) FGF-2 immunorecativity was absent in glioma cells that do not express FGF-2 and was induced by transfection of the FGF-2-expressing plasmid; and 5) changes in FGF-2 immunoreactvity were confirmed by Western analysis (Puchacz et al., 1993; Stachowiak et al., 1994 Stachowiak et al., , 1996a Joy et al., 1997) .
Treatment of Astrocytes with FGF-2 Antisense and Sense FGF-2 Oligonucleotides
This experiment was performed as described by Stachowiak et al., (1994) . Modified (phosphoro-thio-DNA backbone) sense (s-FGF-2) and antisense (as-FGF-2) oligonucleotides were custom synthesized by Bio-Synthesis (Lewisville, TX). Their sequence was identical (s-FGF-2; 5Ј-GGG ACC AUG GCA GCC-3Ј) or complementary (as-FGF-2; 5Ј-GGC TGC CAT GGT CCC-3Ј) to the 5Ј region of human FGF-2 mRNA (Abraham et al., 1986) , including the first methionine codon (underlined). Oligomers were purified by gel filtration, ethanol precipitated, lyophilized to dryness, and dissolved in culture medium. Cells were incubated with 2.5 M oligonucleotides for 48 h.
Quantitative RT-PCR
PCR of reverse-transcribed total RNA (5 g) was performed using 25-nucleotide (nt) FGF-2 primers as previously described (Moffett et al., 1996) . A pair of primers complementary to the mRNA of constitutively expressed human histone gene H3.3 (Pieper et al., 1990; Moffett et al., 1996) was used as a control. The PCR products were electrophoresed on 2% agarose gels, stained with ethidium bromide, and photographed. The length of amplification products for human FGF-2 mRNA was consistent with the predicted length of 179 nt. The identity of RT-PCR-generated FGF-2 cDNA was confirmed by hybridization to a cloned 32 P-labeled human FGF-2 cDNA (Abraham et al., 1986; Moffett et al., 1996) . The relative abundance of FGF-2 mRNA was determined using two methods that yielded similar results. Photographs of the ethidium bromide-stained FGF-2 and H3.3 cDNAs were scanned using a Bio-Rad imaging densitometer. In addition, PCR-generated cDNA hybridized to 32 P-labeled FGF-2 was excised from the nylon membrane, and its radioactivity was determined using a Beckman Instruments (Palo Alto, CA) scintillation counter. In both methods the FGF-2 mRNA content was expressed as the ratio of FGF-2 to H3.3 cDNA. The amount of input RNA in the reverse transcription reaction and the number of PCR cycles used to quantify the cDNA products were in a linear range of PCR (see also Moffett et al., 1996) .
Construction of FGF-2Luc Reporter Plasmids and Transfection Assays
We constructed plasmid (Ϫ1800/ϩ314)FGF-2Luc (numbers depict nucleotides relative to the transcriptional start site) using a Ϫ1800/ϩ314-bp fragment of the human FGF-2 gene promoter (Shibata et al., 1991) and promoterless pGL2 Basic (Promega, Madison, WI) . Deletions of the FGF-2 promoter were produced using Bal31 nuclease and were identified by DNA sequencing Moffett et al., 1996) . To construct the minimal FGF-2 promoter plasmids (-650/-453)(-103/ϩ314)FGF2Luc, (-555/-453)(-103/ϩ314)FGF-2Luc, and (-512/-453)(-103/ ϩ314)FGF-2Luc, we used the AccI65I-AccI fragments -650/453, -555/-453, and -512/-453 isolated from the (-650/ϩ314)FGF-2Luc, (-555/ϩ314)FGF-2Luc, and (-512/ϩ314)FGF-2Luc, respectively. The fragments were blunt ended with T4 polymerase and cloned into the Acc65I site of the (Ϫ103/ϩ314)FGF-2Luc directly upstream from the Ϫ103/ϩ314 promoter sequence. Proper orientation of the fragment was confirmed by DNA sequencing. RSVLuc, described by de Wet et al. (1987) , expresses constitutively high levels of luciferase from the Rous sarcoma virus (RSV) promoter. The FGF-2Luc plasmids, RSVLuc, or pGL2 Basic were transfected into human astrocytes by electroporation or calcium phosphate precipitation as described earlier Moffett et al., 1996) . Both methods produced the same results, indicating that different transfection procedures did not influence regulation of the transfected FGF-2Luc genes. Transfected cells were plated into 12-well dishes. Twentyfour hours after transfection, cells were rinsed with PBS, and the serum-free medium containing 0.25% BSA was added. After another 24 h, drugs or growth factors were added or 10% FBS was added. Cells were lysed, and an aliquot of extract (10 -50 g of protein) was used to determine luciferase activity (Moffett et al., 1996) . Differences in the efficiency of transfection of different plasmids and culture dishes were normalized by measuring the cell content of transfected plasmid DNA by dot blot hybridization in lysates used for the luciferase assay (Goc and Stachowiak, 1994; Stachowiak et al., 1994; Moffett et al., 1996) . Luciferase activity was expressed in numbers of light units per picogram of transfected DNA per microgram of cellular protein. This method produces similar results but is more sensitive than cotransfection of the FGF2Luc plasmid with RSV ␤-gal and measuring ␤-galactosidase and luciferase activities in the same extract . The lack of luciferase stimulation in cells transfected with pGL2 Basic or FGF-2 promoter mutants excluded posttranscriptional modification of luciferase activity.
Nuclear Extract Preparation, Electrophoretic Mobility Shift Assay (EMSA), and DNase I Footprinting
Nuclear extracts were prepared as described by Lee et al. (1988) , except that buffer A contained 0.75 mM spermidine and 0.15 mM spermine. Double-stranded oligonucleotides, corresponding to different regions of the FGF-2 promoter, were synthesized. Consensus oligonucleotides used had the following sequences: cAMP-responsive element (CRE), 5Ј-AGAGATTGCCTGACGTCAGAG-AGCTAG-3Ј; AP2, 5Ј-GATCGAACTGACCGCCCGCGGCCCGT-3Ј; AP1, 5Ј-CGCTTGATGAGTCAGCCGGAA-3Ј; and NF␤, 5Ј-AGTT-GAGGGGACTTTCCCAGGC-3Ј. These oligonucleotides were purchased from Promega Biotech. Signal transducer and activator of transcription (STAT) consensus sequences: 5Ј-GATCCATTT(CTGG) AAATG-3Ј (STAT1/2) and 5Ј-GATCCATTT(CCCGT)AAATC-3Ј (STAT3/4), with different length spacing sequence (N) and STATbinding specificity, were taken from Seidel et al. (1995) .
The oligonucleotides were labeled with [␥-32 P]ATP using T4 polynucleotide kinase (New England Biolabs, Beverly, MA). EMSA was performed according to the method of Sawadogo et al. (1988) as described by Moffett et al. (1996) . Nuclear extracts (1-5 g of protein) were incubated for 10 min at room temperature in 20 l of 5 mM HEPES (pH 7.8), 50 mM KCl, 1 mM EDTA, 5 mM MgCl 2 , 10% glycerol, 2 mM DTT, 2 mM PMSF, 2 g of BSA, and 2 g of poly(dI-dC). Labeled DNA probe (5 fmol, 2000 -5000 cpm) was added, and the reaction was allowed to progress for another 20 min at room temperature. Products from the binding reactions were then
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DNase I footprinting (Galas and Schmitz, 1978) was performed as described by Ohlsson and Edlund (1986) . A 213-bp Acc65II-AccI fragment, corresponding to bp Ϫ650 to Ϫ453 of the FGF-2 promoter, was labeled on the coding strand using the Klenow fragment of DNA polymerase I and [␣-32 P] dNTP. Before the probe was added, 50-l reactions containing 25 mM HEPES (pH 7.8), 50 mM KCl, 0.05 mM EDTA, 5 mM DTT, 2 g of salmon sperm DNA, and 5% glycerol were allowed to incubate at room temperature for 10 min. The binding reaction was incubated at room temperature for 20 min before 0.1 g of DNase I was added for an additional 1 min. One hundred microliters of stop buffer (100 mM Tris-HCl, pH 8.0, 100 mM NaCl, 15 mM EDTA, 300 mM sodium acetate, 200 g/ml proteinase K, and 100 g/ml tRNA) were then added, and the reactions were incubated at 37°C for 15 min. DNA was extracted with phenol-chloroform, ethanol precipitated, and resuspended in 80% formamide, 50 mM EDTA, and 0.2% bromophenol blue-xylene cyanol. DNA was heated at 80°C for 15 min and analyzed on sequencing gels with a sequencing ladder used as a marker. DNase I footprinting autoradiographs were scanned with a Beckman LU70 spectrophotometer at 10 readings/mm. The intensity of bands was quantified using peak-crest absorbance.
Southwestern Blot of FGF-2 Promoter-binding Proteins
The assay was performed according to the method of Miskimins et al. (1985) . Nuclear extracts were electrophoresed through SDS-polyacrylamide gels in standard gel buffer. The samples were not boiled before loading onto the gels. After electrophoresis, the gels were blotted onto nitrocellulose membranes overnight at 4°C in Trisglycine buffer (25 mM Tris base and 192 mM glycine). The membranes were then blocked for 1 h at room temperature in preincubation buffer (5% dry milk, 50 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, and 100 g of calf thymus DNA). DNA binding was preformed in the same buffer containing 5-6 ϫ 10 6 cpm of the FGF-2 promoter probes. After a 1-h incubation at room temperature, the blots were washed in DNA-binding buffer containing 300 mM NaCl without calf thymus DNA. The blots were exposed to x-ray film for 24 h.
Statistical and Sequence Analyses
Analysis of variance was used to test the overall statistical significance of differences in luciferase expression. Groups were compared using the least significant difference posthoc test. Direction of effects was inferred from the relation of mean values. The FGF-2 promoter was analyzed for known transcription factor binding sequences using a BLAST program (IntelliGenetics, Mountain View, CA).
RESULTS
Growth Factors Increase Intracellular Content of High-and Low-Molecular-Mass Isoforms of FGF-2 in Subconfluent Human Astrocytes
In confluent human astrocytes nuclear FGF-2 protein is depleted, and treatment with serum (Joy et al., 1996; Moffett et al., 1996; Stachowiak et al., 1997b) or growth factors (Stachowiak, Moffett, and Stachowiak, unpub- lished observations) does not induce FGF-2 expression. To determine whether cell density may affect FGF-2 regulation, cell lysates were prepared from the same astrocytic cultures as previously but maintained in a subconfluent state. Western blots with monoclonal FGF-2 antibodies of serum-free subconfluent astrocytic cultures detected proteins that migrated as three separate bands (Figure 1) , consistent with our previous findings (Joy et al., 1997) . Their molecular masses (18, 22, and 24 kDa) were similar to those of human FGF-2 proteins generated from alternate use of CUG or AUG translational codons (Florkiewicz and Sommer, 1989; Powell and Klagsbrun, 1991) . The ra- (Binger et al., 1990; Sorkin et al., 1991; Ban et al., 1993; Stachowiak et al., 1997a) and maximally or near maximally increased or FGF-2 immunoreactivity in rat (Araujo and Cotman, 1992) and human astrocytes and astrocyte proliferation (Joy et al., 1997) (our unpublished observations). Similar results were obtained in two or three independent experiments with different astrocytic cultures. (C) Western analysis of PMA-and forskolin-induced changes in FGF-2 content in human astrocytes. Subconfluent astrocytes were maintained in serum-free medium for 24 h, after which the cells were treated with forskolin (10 M) or PMA (100 nm) for the indicated times. Control cells were incubated with 0.007% DMSO used as a vehicle for forskolin and PMA. Similar results were obtained in three independent experiments. tios of individual isoforms varied slightly between astrocytic cultures obtained from different subjects, but the 18-and 22-kDa isoforms were more abundant than the 24-kDa FGF-2 isoform.
Regulation of FGF-2 expression by the high-affinity growth factor receptors was examined by incubating serum-free subconfluent astrocytic cultures with concentrations of growth factors similar to the K d values of their high-affinity receptors (Figures 1 and 2) . Astroglial cells contain cytokine IL-1␤ receptors (Ban et al., 1993) . Furthermore, in the human brain, expression of IL-1␤ correlates with astrocytosis and is thought to stimulate the formation of scar tissue after brain injury (Da Cunha et al., 1993) . Incubation of subconfluent cultures with 2.5 nM IL-1␤ produced fourfold increases in the content of 24-and 22-kDa FGF-2 and twofold increases in the contents of the 18-kDa isoform ( Figure 1A ) as revealed by densitometric scanning. Shorter treatments (0.5 or 4 h) with IL-1␤ had no effect on the content of FGF-2. Similar results were observed in three separate experiments.
PDGF and EGF expressed in the brain are critical factors controlling the proliferation and differentiation of glial cells and activation of astrocytes during gliosis (Birecree et al., 1991; Yeh et al., 1991; . Incubation of cultured astrocytes with PDGF ( Figure  1A ) increased the levels of FGF-2 protein. Like IL-1␤, PDGF predominately increased the levels of 22-and 24-kDa FGF-2 isoforms. Likewise, the treatment of astrocytes with EGF increased the levels of 18-, 22-, and 24-kDa FGF-2 by 30, 60, and 130%, respectively (the effect of EGF on FGF-2 immunoreactivity in astrocytes is shown in Figure 2) .
To determine whether FGF-2 can regulate its own expression in human astrocytes, we incubated subconfluent cultures with 0.5 nM 18-kDa FGF-2. At 30 min, the cellular content of the 18-kDa FGF-2 isoform increased, suggesting an uptake of extracellular FGF-2. Increases in the content of the 22-and 24-kDa FGF-2, however, were observed at 4 h and maintained for at least 24 h ( Figure 1A ). This delayed accumulation of the high-molecular-mass translational isoforms indicated an increased synthesis of endogenous FGF-2. IL-1␤, recombinant 18-kDa FGF-2, or 10% FBS serum increased the levels of all FGF-2 isoforms also in HG astrocytic cultures (our unpublished data).
Expression of FGF-2 Is Increased by Direct Stimulation of cAMP and PKC Signaling Pathways
Growth factors regulate gene expression through multiple signaling molecules, including tyrosine kinases and calcium-and phospholipid-dependent PKC and cAMP-activated protein kinase A (PKA) (Fantl et al., 1993) . To determine whether activation of cAMP and PKC pathways increases the levels of FGF-2, we treated astrocytes with adenylate cyclase-stimulating forskolin or with PKC-stimulating PMA. Forskolin at maximally effective 10 M concentration (shown in Figure 1C ) increased the content of all three FGF-2 isoforms. Treatment with 0.1 M PMA produced larger maximal increases in FGF-2 content than treatment with forskolin.
Increases in FGF-2 mRNA Accompanied Increases in FGF-2 Protein Levels
The forskolin-induced increases in FGF-2 content and nuclear accumulation of FGF-2 were inhibited by cycloheximide or antisense FGF-2 oligonucleotide . To determine whether delayed elevation of FGF-2 by growth factor also requires de novo FGF-2 synthesis, we specifically inhibited the synthesis of FGF-2 protein by pretreating astrocytes with 15-mer as-FGF-2 or s-FGF-2 (control) oligonucleotides. The as-FGF-2 inhibits induction of FGF-2 in glia (Morrison, 1991) and in adrenal medullary cells . Two days of incubation with as-FGF-2 had little or no reducing effect on basal FGF-2 immunoreactivity in astrocytes, but it prevented an increase in nuclear and nucleolar FGF-2 content by EGF (Figure 2) . 
Regulation of FGF-2 Gene Expression
To determine whether the induction of FGF-2 proteins could reflect an induction of FGF-2 mRNA, we analyzed the abundance of FGF-2 mRNA using RT-PCR. Products of these reactions are shown in Figure  3 . The amount of reaction products increased with the number cycles used (Figure 3 ) and the amount of input RNA. Radioactivity counting or densitometric scanning of the reaction products within the linear range of PCR showed that the FGF-2 mRNA increased in astrocytes treated with EGF (5.3-fold), 18-kDa FGF-2 (4.1-fold), forskolin (2.3-fold), or PMA (3.7-fold) when histone H3.3 mRNA levels were used to normalize the data. Treatment with 10% FBS increased FGF-2 mRNA content ϳ3-fold. These results indicate that increases in FGF-2 mRNA levels underlie the increases in FGF-2 protein.
Stimulation of Growth Factor Receptors, Adenylate Cyclase, or PKC Activates the FGF-2 Gene Promoter
The Ϫ1800/ϩ314-bp upstream region of the human FGF-2 gene contains the necessary cis elements to mimic the regulation of the endogenous FGF-2 gene by cell contact in human astrocytes (Moffett et al., 1996) and by second messenger pathways in bovine adrenal medullary cells . To investigate the molecular mechanisms underlying the induction of FGF-2 mRNA, we initially used a (Ϫ1800/ϩ314)FGF-2Luc reporter plasmid . Luciferase activity (1104 Ϯ 144 cpm ⅐ pg DNA Ϫ1 ⅐ g protein Ϫ1 ) in frontal lobe QG astrocytes transiently transfected with (Ϫ1800/ ϩ314)FGF-2 Luc was similar to the activity (1076 Ϯ 158 cpm ⅐ pg DNA Ϫ1 ⅐ g protein
Ϫ1
) expressed by RSVLuc and Ͼ70-fold higher than the minimal activity (15.1 Ϯ 6.1 cpm ⅐ pg DNA Ϫ1 ⅐ g protein
) detected in astrocytes transfected with promoterless pGL2 Basic .
Treatment with EGF, FGF-2, IL-1␤, 10% FBS, or PMA significantly increased the expression of luciferase in astrocytes transfected with (Ϫ1800/ ϩ314)FGF-2Luc (Figure 4) . The magnitude of these increases was similar to the increases in FGF-2 mRNA. The inactive phorbol ester (4-␣-phorbol didecanoate), which does not stimulate PKC, had no effect on expression of FGF-2Luc construct (our unpublished observations). The increases in luciferase expression were reproducibly observed in cells treated with forskolin. However, these effects were smaller than the effects of PMA and did not reach statistical significance. Activation of (Ϫ1800/ϩ314)FGF-2Luc by growth factors or second messenger stimulators was Figure 3 . Effects of growth factors, forskolin, or PMA on FGF-2 mRNA levels. Human astrocytic cultures at 40 -60% confluence were maintained in serum-free medium for 24 h before they were treated for 24 h with EGF, FGF-2, or IL-1␤ (A) and with forskolin, PMA, or both (B) at the concentrations given in Figures 1 and 2 . Total RNA was isolated and analyzed for FGF-2 and histone H3.3 mRNA levels using RT-PCR. Aliquots of FGF-2 cDNA were taken from cycles 24, 26, 28, 30, 32, 34, and 36 and of H3.3 cDNA from cycles 16, 18, 20, 22, 24, 26, and 28. DNA was electrophoresed through 2% agarose gels and stained with ethidium bromide (dark-field photograph). The FGF-2 cDNA products were also transferred to a nylon membrane and hybridized to 32 P-FGF-2 cDNA (light-field autoradiograms) as described in MATERIALS AND METHODS. also observed in the NHA ( Figure 5C ) and HG astrocytic cultures. These results demonstrate that the Ϫ1800/ϩ314-bp fragment of the FGF-2 gene contains the cis elements sufficient for transcriptional regulation by growth factors, PKC, or cAMP in human astrocytes.
The minimal luciferase activity in cells transfected with pGL2 Basic was not affected by treatment of astrocytes with PMA, forskolin, or growth factors. This result and the lack of luciferase stimulation in cells transfected with FGF-2 promoter deletion mutants (see below) exclude posttranscriptional modification of the luciferase activity.
Identification of FGF-2 Promoter Regions Required for Stimulation with Growth Factors, cAMP, and PKC
Earlier experiments showed that basal expression of the FGF-2 gene and its activation by PMA or forskolin are mediated by sequences located upstream from its core promoter . Consistent with these previous findings, the construct that contained the Ϫ255/ϩ314-bp promoter fragment did not express luciferase above the levels of promoterless pGL2 Basic ( Figure 5B ) and showed no induction after growth factor treatment ( Figure  5A ). Also, the expression of (Ϫ512/ϩ314) was not significantly affected by growth factors. In contrast, the (Ϫ555/ϩ314)FGF-2Luc showed both growth factor stimulation and an increase in basal expression. The further upstream region (Ϫ650/Ϫ556) had no additional effect on growth factor stimulation. Thus, the Ϫ555/Ϫ513-bp region conferred both stimulation by growth factors and high basal expression to the downstream FGF-2 promoter and was named a GFRE.
To determine whether cAMP/PKC and growth factors act through converging or independent pathways, we examined the effects of promoter deletions on forskolin and PMA stimulation ( Figure 5B ). Expression of the (Ϫ555/ϩ314)FGF-2Luc construct was not stimulated by forskolin or PMA ( Figure 5B ), even though it retained the full response to stimulation with growth factors ( Figure 5A ). When additional Ϫ650/Ϫ556 bp were included in the promoter-reporter construct [(Ϫ650/ϩ314)FGF-2Luc], PMA or forskolin stimulation was restored to a level similar to that in (Ϫ1800/ϩ314)FGF-2 Luc ( Figure  5B ). We recently found that a deletion of the Ϫ650/ Ϫ625-bp promoter fragment did not affect PMA or forskolin stimulation, narrowing the region essential for PKC/cAMP stimulation to Ϫ624/Ϫ556 bp. This outcome shows that cAMP/PKC and growth factors activate the FGF-2 gene through separate promoter regions.
Earlier studies indicated that the core FGF-2 promoter (Ϫ20/ϩ50 bp) was sufficient to support basal expression and to confer p53 regulation to the chloramphenicol acetyltransferase reporter gene in the TE671 cell line (Shibata et al., 1991) and in glioma cells (Ueba et al., 1994) , respectively. In the present study, however, a short FGF-2 promoter fragment (Ϫ103/ϩ314 bp) was insufficient to respond to growth factor or PMA stimulation ( Figure 5C ). In contrast, when an upstream promoter region (Ϫ650/Ϫ453 bp) was ligated directly to the inactive Ϫ103/ϩ314 bp minimal promoter [plasmid (Ϫ650/ Ϫ453)(Ϫ103/ϩ314)FGF2Luc; Figure 5C ], both the EGF and PMA stimulations were restored to levels similar to that of (Ϫ650/ϩ314)FGF-2Luc ( Figure 5C ). Growth factor stimulation was restored by ligation of Ϫ555/ Ϫ453-bp sequence to the minimal promoter [plasmid (Ϫ555/Ϫ453)(Ϫ103/ϩ314)FGF2Luc; Figure 5C ], whereas the activation by PMA required a longer promoter fragment, including the sequence essential for PMA and forskolin stimulation [plasmid (Ϫ650/Ϫ453)(Ϫ103/ ϩ314)FGF2Luc]. The sequence directly downstream from the GFRE (Ϫ512/Ϫ453 bp) did not restore EGF or PMA stimulation when ligated to the minimal FGF-2 promoter. These experiments demonstrated that the upstream Ϫ650/Ϫ453-bp FGF-2 promoter region is both essential and sufficient to confer growth factor and PKC 
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Vol. 9, August 1998 stimulation to the core FGF-2 promoter. They confirmed that the key sequence for the growth factor stimulation was located between Ϫ554 and Ϫ512 bp, whereas the sequence essential for the PMA activation was located upstream from the GFRE. The sequence between Ϫ452 and Ϫ103 bp was not required for promoter activation by growth factors or PMA.
Treatment with Growth Factors or PMA Does Not Overcome Inactivation of the FGF-2 Promoter by High Cell Density
In astrocytes the activity of the FGF-2 promoter decreases as the cell density increases from 30 to 70% confluence, reaching 95% inhibition in fully confluent cells (Moffett et al., 1996) . Using a deletion analysis, we identified Ϫ650 to Ϫ513 bp as a region required for the activation of the FGF-2 promoter as astrocytes transit from the confluent to subconfluent state (Moffett et al., 1996) . The GFRE (Ϫ555/Ϫ513 bp) and the sequence required for PMA and forskolin stimulation (Ϫ624/ Ϫ556 bp) ( Figure 5 ) lie within this region. Therefore, we examined whether cell density and growth factors or PMA control FGF-2 promoter activity in an interactive manner. Astrocytes transfected with (Ϫ1800/ ϩ314)FGF-2Luc or control RSVLuc plasmids were plated at subconfluent or confluent cell densities. The Figure 5 . Identification of the FGF-2 promoter regions responsible for the activation by growth factors, PMA, and forskolin and for the maintenance of basal promoter activity. Astrocytes were transfected with FGF-2 promoter-luciferase constructs given in the figure. The numbers refer to the start and end points of FGF-2 promoter relative to the transcription start site (marked by the arrow). The luciferase activity for each plasmid is expressed relative to the activity in nonstimulated cells. (A) QG astrocytes: activation by growth factors. Bars show mean Ϯ SEM from six to eight samples obtained in two independent experiments except (Ϫ255/ϩ314)FGF-2Luc. Each treatment had a statistically significant effect on the expression of (Ϫ650/ϩ314)FGF-2Luc (p Ͻ 0.05) or (Ϫ555/ϩ314)FGF-2Luc (p Ͻ 0.01) but not on the expression of (Ϫ512/ϩ314)FGF-2Luc or (Ϫ255/ϩ314)FGF-2Luc. (B) QG astrocytes: basal promoter activity and activation by forskolin and PMA. Cells were transfected with the FGF-2 promoter-luciferase constructs and incubated in control serum-free medium (basal luciferase expression) or treated with 100 nM PMA or 5 M forskolin as described in MATERIALS AND METHODS. Basal luciferase activity was calculated as light units per microgram of cellular protein per picogram of transfected DNA. In cells stimulated with forskolin or PMA, the luciferase activity for each plasmid is expressed relative to the activity in nonstimulated cells. Deletion from Ϫ555 to Ϫ513 bp significantly reduced basal promoter activity (p Ͻ 0.005). PMA had a statistically significant effect on the expression of (Ϫ650/ϩ314)FGF-2Luc (p Ͻ 0.005) but not on the expression of the remaining constructs. Stimulation of (Ϫ650/ϩ314)FGF-2Luc by forskolin did not attain a statistically significant level. FGF-2 promoter sequence from Ϫ650 to Ϫ512 bp is shown. The crossed bar below the sequence indicates GFRE (Ϫ555/Ϫ512 bp), and the solid bar indicates (Ϫ625/Ϫ556 bp) essential for PMA and forskolin stimulation. (C) NHA astrocytes: activation of the minimal (Ϫ103/ϩ314 bp) FGF-2 promoter by upstream growth factor-and PKC-responsive elements. Astrocytes were transfected with the FGF-2 promoter-luciferase constructs and treated as in A or B. Bars show mean Ϯ SEM of four (PMA) or eight (EGF) samples. EGF had a statistically significant effect on the expression of (Ϫ650/ϩ314)FGF-2Luc, (Ϫ550/ϩ314)FGF-2Luc, (Ϫ650/Ϫ453)(Ϫ103/ ϩ314)FGF-2Luc, and (Ϫ555/Ϫ453)(Ϫ103/ϩ314)FGF-2Luc (p Ͻ 0.005). PMA had a statistically significant effect on the expression of (Ϫ650/ϩ314)FGF-2Luc and (Ϫ650/Ϫ453)(Ϫ103/ϩ314)FGF-2Luc (p Ͻ 0.0001). (D) FGF-2 promoter sequence from Ϫ624 to Ϫ513 bp is shown. The open bar below the sequence indicates growth the factor-responsive element (Ϫ555/Ϫ513 bp), and the solid bar indicates the region essential for PKC/cAMP stimulation (Ϫ624/Ϫ556 bp).
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Vol. 9, August 1998cells were then treated with FGF-2, EGF, or PMA for 24 h, after which luciferase activity was determined. As we have found previously (Moffett et al., 1996) , FGF-2 promoter activity in confluent astrocytes was Ͼ20-fold lower than in subconfluent astrocytes, whereas the expression of the control RSV promoter was reduced only 2-fold (Table 1) . EGF, 18-kDa FGF-2, or PMA did not activate the FGF-2 promoter in astrocytes in high-density cultures. Reducing cell density restored basal expression and the stimulation by growth factors or PMA. Thus the cell contact inhibition is the primary control of the FGF-2 gene promoter activity in human astrocytes. Only after the FGF-2 gene promoter is released from this inhibition does it respond to stimulation by growth factors and PKC. These results are consistent with our earlier findings that serum, growth factors, or PMA cannot induce FGF-2 protein or mRNA in confluent astrocytes (Joy et al., 1996; Moffett et al., 1997; Stachowiak et al., 1997b) (our unpublished observations) but do so in subconfluent astrocytes (present study).
Two-Stage Regulation of Protein Binding to FGF-2 Gene Promoter
As previously found (Moffett et al., 1996) , nuclear proteins isolated from confluent astrocytes did not bind to the Ϫ650-to Ϫ453-bp region of the FGF-2 promoter even when astrocytes were cultured with 10% FBS ( Figure 6A ). In contrast, nuclear proteins from subconfluent astrocytic cultures showed binding to the Ϫ650/Ϫ453 probe ( Figure 6A) .
A computer search revealed no obvious homology between the GFRE ( Figure 5D ) and the target sequences for trans-acting factors published so far, including known growth factor-responsive sequences such as serum-responsive element, CRE, or AP1 binding sites (Boulikas, 1994) . To identify target sequences for nuclear factors, we performed DNase I footprinting using reaction conditions established by EMSA for sequence-specific protein binding (see below). Extracts from subconfluent astrocytes caused a partial protection of almost the entire Ϫ625/Ϫ512-nt promoter sequence indicating that the whole region is engaged in protein binding ( Figure 6B) . Scanning of the autoradiographs has revealed that treatment with forskolin and PMA enhanced DNA protection by ϳ50% within Ϫ624/Ϫ600-and Ϫ575/Ϫ556-nt subregions of the PKC/cAMP-responsive region ( Figure 6B, legend) .
Protein binding to the FGF-2 promoter region essential for the activation by PMA and forskolin was further investigated by EMSA. Nuclear extracts from subconfluent astrocytes formed two complexes, "c" and "d," with a Ϫ624/Ϫ555-bp promoter probe ( Figure  7A ). Treatment of astrocytes with PMA or forskolin reduced formation of complex d and induced two additional, lower-mobility complexes, "a" and "b." Complexes formed also with shorter Ϫ641/Ϫ600-and Ϫ578/Ϫ553-bp probes, consistent with the results of footprinting in which DNase I protection was detected in the Ϫ624/Ϫ600-and Ϫ575/Ϫ556-nt subregions ( Figure 6B ). The Ϫ624/Ϫ555-bp sequence ( Figure 5D ) lacks homology to common cAMP-or PKC-responsive sequences: CRE, AP1, AP2-NF␤, or serum-responsive element (Walton and Rehfuss, 1992; Boulikas, 1994) . In addition, protein binding to the Ϫ624/ Ϫ555-bp promoter fragment was competed out by an excess of target DNA but not by oligonucleotides containing target sequences of OCT1, CRE, AP1, AP2, NF[]B, or STAT ( Figure 7B) . Thus, the PKC and cAMP stimulation may not be mediated by common PKC or cAMP trans-activators acting through atypical sequences.
Within the GFRE a strong protection against DNase I was detected between Ϫ540 and Ϫ524 and between Ϫ520 and Ϫ510 nt. Scanning of the autoradiographs revealed that protection of the Ϫ520/Ϫ510-nt subregion was increased by 80% by treatment of astrocytes with forskolin and PMA ( Figure 6B ) or EGF. In EMSA, nuclear extracts from subconfluent EGF-treated astrocytes formed three complexes with the Ϫ555/Ϫ500-bp GFRE probe ( Figure 7C ). Formation of all three complexes was prevented by an excess of unlabeled Ϫ555/ Ϫ500-bp probe DNA ( Figure 7C ) or its Ϫ560/Ϫ530-or Ϫ533/Ϫ509-bp fragments. In contrast, competitor oligonucleotides with unrelated growth factor-responsive sequences did not affect protein binding to GFRE ( Figure 7C ). The GFRE contains several T/A-rich regions containing sequences similar to STAT binding sites [TT(N) 4 -6 AA] (Seidel et al., 1995; Ihle, 1996) . However, in most of these sequences the core spacing (N) 8 is 2 bp longer than allowed for STAT binding (Seidel et al., 1995) . Binding to GFRE was not competed out by double-stranded oligonucleotides with consensus sequences for different STATs ( Figure 7C ). Also, preincubation of nuclear extracts with 1-5 g of antibodies against STAT1-6 did not affect protein binding to either the Ϫ555/Ϫ500-or the Ϫ624/ Ϫ555-bp region.
To characterize factors that interact with the PKC/ cAMP-responsive region, nuclear extracts from confluent astrocytes nonstimulated or treated with PMA were resolved on denaturing SDS-polyacrylamide gels, transferred to nitrocellulose membrane, renatured, and probed with 32 P-labeled Ϫ624/Ϫ555-bp fragment of FGF-2 promoter ( Figure 8A ). Nuclear proteins from confluent astrocytes did not bind to DNA, regardless of whether the cells were treated with PMA ( Figure 8A ). The nuclear extracts from subconfluent nonstimulated astrocytes showed only a weak Ϫ624/ Ϫ555-bp binding activity at ϳ120 kDa. In extracts from subconfluent PMA-treated astrocytes, the Ϫ624/ Ϫ555-bp probe detected four distinct bands (165, 112, 100, and 90 kDa). They were more abundant than in the nuclei of subconfluent astrocytes treated with EGF or FGF-2. The nuclear proteins that interact with the GFRE were also characterized by Southwestern analysis. A 32 P-labeled Ϫ555/Ϫ500-bp fragment of the FGF-2 promoter did not detect protein binding in nuclear extracts from confluent astrocytes that were untreated or treated with growth factors ( Figure 8B ). In extracts from subconfluent astrocytes, the GFRE probe detected a doublet of 80-to 90-kDa proteins. Incubation of subconfluent cultures with FGF-2 or Figure 6 . Protein binding to the upstream region of FGF-2 promoter. (A) EMSA of nuclear extracts from astrocytes grown at high and low density. Nuclear extracts were prepared from astrocytes grown at high (3.5 ϫ 10 4 cells/cm 2 , 100% confluence) or low (1.2 ϫ 10 3 cells/cm 2 , 40 -50% confluence) density in 10% FBS, and binding reactions were performed as described in MATERIALS AND Figure 6 (cont). METHODS. One, 2.5, or 5 g of nuclear proteins were used for each culture condition. The target DNA contained nucleotides corresponding to FGF-2 promoter sequences Ϫ650 to Ϫ512 bp and additional sequences downstream from GFRR (Ϫ511 to Ϫ453 bp) that do not bind nuclear proteins from subconfluent or confluent astrocytes (Moffett et al., 1996) . (B) DNase I footprinting of FGF-2 promoter regions (coding strand) involved in growth factor and second messenger stimulation. Variable amounts of nuclear proteins (0 -15 g) from control astrocytes or astrocytes treated with second messenger stimulators were incubated with 32 P-labeled FGF-2 promoter DNA followed by limited digestion with DNase I. The reaction products were then subjected to electrophoresis in 7% sequencing gels. The DNA fragments were visualized using autoradiography. The numbers represent location of bases within the FGF-2 gene promoter. Scanning showed that intensity of bands in protected subregions Ϫ624/Ϫ600, Ϫ575/Ϫ556, and Ϫ520/Ϫ510 nt was reduced by 48, 57, and 80, respectively, when 10 g of PMA ϩ forskolin extract was compared with control extract. In contrast, cell stimulation with PMA and forskolin had little (Ϫ10%) reducing effect on band intensity in the Ϫ595/Ϫ580-nt subregion and an increasing effect (ϩ60%) in the Ϫ630/Ϫ625 subregion.
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Vol. 9, August 1998EGF induced additional 40-, 50-, and 60-kDa bands and a 100-kDa band that replaced the 80-to 90-kDa doublet. No protein binding was detected with with 32 P-labeled Ϫ453/Ϫ274-bp or Ϫ274/ϩ11-bp FGF-2 promoter fragments. Thus binding to Ϫ624/Ϫ555 bp ( Figure 8A ) and to Ϫ555/Ϫ500 bp ( Figure 8B ) was sequence specific.
tively, up-regulated FGF-2 protein, mRNA, and the FGF-2 gene promoter. However, the sequence essential for the PKC/cAMP stimulation was located upstream from the GFRE. Thus, the PKC and cAMP signaling pathway and their target proteins, which bind to the Ϫ624/Ϫ555-bp promoter region, may not be involved in promoter activation by growth factor receptors.
Within the Ϫ624/Ϫ556-bp sequence essential for the PKC/cAMP stimulation, PMA-and forskolinstimulated protein binding was detected between Ϫ620 and Ϫ600 nt. Neither this sequence nor the 32 P]ATP and T4 kinase, and 3000 cpm were used for each reaction as described in MATERIALS AND METHODS. The arrows indicate three DNA-protein complexes; fp, free probe. Binding reactions were carried out with or without unlabeled target DNA or various consensus oligonucleotides for known transcription factors. The numbers are for the following competitors: (1 and 2) no competitor; (3) unlabeled Ϫ555/Ϫ500 bp FGF-2 promoter fragment; (4) STAT 3/4; (5) STAT ⍀; (6) NFB; (7) AP1; (8) AP2; (9) CRE; and (10) OCT 1. Competitors were used in a 150-fold molar excess. A 50-fold excess of unlabeled target DNA was sufficient to completely abolish binding.
Vol. 9, August 1998entire Ϫ624/Ϫ556-bp promoter region shares homology with known cAMP-or PKC-regulatory elements. Furthermore, proteins that interact with this region do not bind to common cAMP-or PKCresponsive sequences ( Figure 7B ), and their apparent molecular sizes (165, 112, and 90 kDa; Figure 8A ) were larger than known CRE-binding proteins, AP1, or AP2 factors (Walton and Rehfuss, 1992) . Thus, identification of the trans-activating factors that interact with the PKC/cAMP-responsive region of the FGF-2 gene promoter and the proteins that interact with the GFRE is now a priority. Given the roles of FGF-2 in the regulation of growth and the cell cycle of glial cells (Kniss and Burry, 1988; Morrison 1991; Joy et al., 1997; , identification of these factors should shed further light on the mechanisms of reactive and neoplastic transformation of human astrocytes and the plasticity of brain tissue.
Two-Stage Regulation of FGF-2 Gene Expression by Cell Contact and Growth Factors or PKC
In confluent astrocytes the FGF-2 gene is inactive because of cell contact-induced inhibition (Moffett et al., 1996; Joy et al., 1997) . Even treatment with 10% FBS, EGF, or PMA did not induce nuclear FGF-2 protein or FGF-2 mRNA (Moffett et al., 1996; Joy et al., 1997) (our unpublished observations), although, as shown in the present study, the same treatments increased the contents of FGF-2 protein and mRNA in subconfluent astrocytes (Figures 1-3) . Thus, cell density is a gating factor in the activation of FGF-2 expression by growth factors or PKC. The GFRE and the region essential for PMA stimulation are located within a larger FGF-2 promoter region (Ϫ650/Ϫ512 bp) previously found to mediate promoter regulation by cell contact (Moffett et al., 1996) . Consistent with this colocalization, the activity of the FGF-2 gene promoter is subject to a two- Figure 8 . Southwestern analysis of protein binding to PMA/PKC-responsive (A) and growth factor-responsive (B) regions. Thirty-five micrograms of nuclear proteins isolated from confluent (high-density cultures) or subconfluent (low-density) astrocytes incubated in control serum-free medium (Ϫ) or treated with 0.5 nM 18-kDa FGF-2, 5 nM EGF, or PMA (100 nM) for 24 h were resolved on SDS-PAGE gels and electroblotted to nitrocellulose membranes. The membranes were probed with 32 P-labeled (1 ϫ 10 6 cpm/ml) Ϫ624/Ϫ555-bp (A) or Ϫ555/Ϫ500-bp (B) FGF-2 promoter fragment. The approximate molecular masses of the detected proteins were estimated by comparing with prelabeled protein standards. No protein binding was detected with 32 P-labeled Ϫ453/Ϫ274-bp or Ϫ274/ϩ11-bp FGF-2 promoter fragments.
tier activation. An initial induction occurs in response to reduced cell-cell contact (Moffett et al., 1996) . Only after the FGF-2 gene shifts from an inactive to a basal activity state after the release from cell contact inhibition does it become responsive to further stimulation by growth factors. This hierarchic activation correlates with a two-stage regulation of protein binding to GFRE and the region required for PKC/cAMP simulation. The results of the in vitro protein-DNA binding assays suggest that in contact-inhibited astrocytes neither the GFRE-nor the PKC/cAMP-responsive sequences interact with transcriptional factors. The 80-and 90-kDa GFRE-binding proteins detected in the nuclei of subconfluent, nonstimulated astrocytes by Southwestern analysis are candidate factors for mediating initial promoter induction. The growth factor stimulation appears to be mediated by inducing a sequence-specific interaction of 40-, 50-to 60-, and 100-kDa proteins with the GFRE, which occurs after the astrocytes are released from contact inhibition. In addition to growth factors, the second-stage activation can be elicited by signals from PKC and cAMP pathways that converge on factors associated with the sequence upstream from the GFRE. However, proteins that interact with the PKC/cAMP-responsive region in subconfluent astrocytes may not contribute to the initial promoter induction, given that its deletion does not affect basal promoter activity in subconfluent astrocytes. The mechanisms through which cell density and growth factors affect protein binding to GFRE are unknown. They could involve changes in protein concentration as well as their ability to interact with the GFRE.
Thus, in brain tissue, the initial stimulus that induces the FGF-2 gene in astrocytes could be a reduction in cell contact associated with cell death or involution caused by physiological changes in cell activity or by pathological degeneration. Subsequently, the FGF-2 gene may be further activated by its own protein or other growth factors and independently by hormones or neurotransmitters that access the cAMP/ PKC pathways. The stimulation lasts until a new confluent state is attained. Inactivation of the FGF-2 gene trans-activating factors by cell contact, even when other stimulants may still be present, provides a safety mechanism that seizes FGF-2 expression and cell proliferation after the vacated extracellular space is filled. In contrast, this safety mechanism is disrupted in the neoplastic astrocytes in which nuclear proteins interact with the upstream FGF-2 promoter region independent of cell density, and the FGF-2 gene is constitutively expressed (Moffett et al., 1996; Joy et al., 1997; Stachowiak et al., 1997b) . This constitutive expression may promote proliferation that is insensitive to cell contact inhibition.
The two-stage regulation of FGF-2 may not be limited to glial cells. The expression of FGF-2 protein and mRNA in endothelial cells is affected by cell density as in the astrocytes (Yu et al., 1993) . Hence, the hierarchic regulation of the FGF-2 gene by cell contact and cytokines may represent a general mechanism through which anchorage signals and signals from soluble molecules are integrated to control cellular growth.
